presented.
The probe in this sensing system consists of a mirror and a sensing area where the surface plasmon is excited. Basically, the measurement principle of this sensor is the same as that of the prism SPR sensor. However, the excitation of surface plasmon is observed as a spectrum of a light that travels back and forth through the sensing area. First, the fundamental and optimal conditions of this sensor is presented from fundamental experimental results. And then, it is also shown to be possible to detect samples of different refractive indices. The applicability of this sensor is also discussed.
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Surface plasmon resonance (SPR) has the property to detect optical refractive index and thickness of a thin film at the neighboring interface with high sensitivity. Therefore, it has been investigated as a chemical or biochemical sensor to detect small changes in thickness and refractive index. Recently, SPR sensors have begun to be used in biochemistry to detect and analyze antigen-antibody reactions in practice [1, 2] The properties of optical fibers, such as low loss, small size, availability at a wide range of wavelengths and immunity to electromagnetic field make optical fibers good materials to be used in communication and sensing applications. Various sensors, such as temperature, pressure, displacement and rotation, have been constructed using optical fibers.
Recently, we developed a prism SPR sensor (Kretschmann configuration) and investigated its fundamentals theoretically and experimentally. The purpose of this study is to fabricate a fiber optic SPR sensor [3] that has advantages of both the surface plasmon and the optical fiber and to make its fundamental characteristics clear.
THEORY
Surface plasmon wave (SPW) is a charge-density wave that propagates along the interface between a metal and a dielectric medium. Since SPW is a surface wave, most of its energy is localized at the near interface of those media. An applied electromagnetic wave can excite SPW along the interface. Generally, in order to excite and observe SPR, the attenuated total reflection (ATR) configuration which is illustrated in Fig. 1 , is used. The upper figure shows the SPW excitation in Kretschmann configuration, whereas the lower one shows reflectance as a function of incident angle. This configuration consists of three layers; a glass prism, a thin metal (e.g., silver or gold), and a dielectric as a sample medium.
A dispersion relation of the SPR is given as the solution of Maxwell's equations and expressed as (1) where is angular frequency of the incident light, c is the velocity of light, and are complex permittivities of the metal and the dielectric medium, respectively.
Since SPW is a charge-density compression wave that propagates along the interface, the incident electromagnetic wave to excite the SPW must be ppolarized light. When a monochromatic light is incident on the prism/metal interface from the prism side, an evanescent wave is excited at the interface. If the metal film is thin, the energy of the evanescent wave penetrates the metal film and reaches the opposite side of the metal surface and excites SPW under the resonance condition described below. The In our experiments, we used a multi-mode fiber with a numerical aperture (NA) of 0.37 which allows the incident angles between to to propagate. The incident angle is so large and the range is so small that it is very difficult to satisfy the condition of the SPW excitation by angle-modulation as in the prism SPR sensor. So, wavelength-modulation is used in the case of fiber optic SPR sensor.
In this section, we show the structure of the sensor probe and the configuration of the sensing system and explain the measurement method.
3.1 Structure of the sensor Figure 2 shows the structure of the probe and the path of the reflected light in the fiber optic SPR sensor. The cladding layer of the optical fiber was removed by a blade, then an Ag film (300nm) is evaporated on the end tip of the fiber. Later, a thin Au film (55nm) is evaporated on the surface of core of the fiber by rotating the fiber with a motor during The light from the Halogen lamp is split into a reference and a sensing light. The sensing light is launched into the fiber through a lens. The light propagating in the fiber is reflected back by the mirror formed by Ag film which enables the light to pass the sensing layer twice. The reflected light at the input/exit end of the fiber is again split into two, one of which is guided to the spectroscope as the sensing light. This sensing system has a wavelength range.
The output as a spectroscope is saved as a spectrum datum by using a personal computer.
In our experiments, we don't use the reference signal at present but in future works, the reference signal will be used to cancel out the effects of noise and the intensity fluctuation of the light source.
Method of measurement
In the experiments with this sensing system, we observed the changes of the SPR spectrum. When the sample was air (nair=1), the SPW was not excited within the visible wavelength range due to the fiber probe propagation angle Therefore this spectrum was used as the ref-
erence. And the sample spectrum was normalized by it. This normalized datum expresses the light that travels through the sensing area twice and loses its energy by the SPW excitation. We named this normalized datum as the SPR spectrum which was used to analyze the change of the resonance position (SPR wavelength) or the resonance strength.
In Fig. 4 , the upper curve shows the air and water spectra including system properties. The lower curve shows the SPR spectrum of water obtained by normalizing the water spectrum by that of air. As can be seen, the dip of the spectrum due to the SPW excitation is observed at the wavelength of 610nm.
EXPERIMENTAL RESULT
In our experiments, we analyzed the effects of metal film, its thickness and its length which determines the length of the sensing layer. Moreover, the effect of the temperature was also studied.
4.1
Effect of the metal film on the SPR spectrum Figure 5 shows the SPR spectra obtained from two sensor probes constructed with silver and gold as the material of the metal film. The probes were fabricated with the same method under the same conditions as described in section 3.1. For the measurements the sample medium was chosen to be distilled water. The resonance wavelength is 507nm and 616nm for silver and gold, respectively.
As shown in Fig. 5 , the SPR spectrum with the Ag film probe is sharper than that of the probe with Au film. When only this figure is considered, Ag seems to be more suitable material than Au for SPR measurements, but when the stability and oxidation rates are considered, that is not the case, because Au is more stable than Ag. That's why we preferred to use Au as the metal film in this research.
4.2
Effect of the sensor length on the SPR spectrum Figure  6 and Fig. 7 show the dependence of the SPR spectrum on the sensor length. Figure 6 shows the spectra for different sensor lengths. The value is about 610nm. But the spectrum measured by a longer sensor exhibits deeper resonance.
In Fig. 7 , it is shown that the intensity decreases monotonically with increasing sensor length. Theoretically, the intensity I is given by constant and L is sensor length. The curve obtained from experiment fits well with the theoretical one. A suitable sensor length can be decided considering the condition of fabrication, miniaturization of the sensor geometry and the strength of the probe structure. In our studies, we determined that the suitable sensor length is 10mm.
Effect of the metal film thickness on the SPR spectrum
We examined the dependence of the SPR spectrum on the thickness of the Au film, and found an optimal thickness. Figure 8 shows the SPR spectra measured by sensor probe that has different values of As shown in Fig. 8 The result is shown in Fig. 9 and Fig. 10 . Figure   9 shows the SPR spectra measured at various values of temperature. Figure  10 is a plot of normalized intensity at the SPR wavelength as a function of the water temperature.
As shown in Fig. 10 , the resonance wavelength shifts to shorter wavelength with the increase of temperature. This result shows the dependence of the water permittivity (refractive index) on the temperature. From this experimental result, we can detect the temperature and also estimate the shift of SPR spectrum due to the temperature variation.
4.5 Effect of the temperature on the SPR spectrum We examined the SPR spectrum for three solutions; distilled water, ethanol, and methanol. Table   1 shows the refractive indices and resonance wavelengths for three samples. As shown in Table 1 and 
